a b s t r a c t Milner and Goodale's (1995) proposal of a functional division of labor between vision-for-perception and vision-for-action is supported by neuropsychological, brain-imaging, and psychophysical evidence. However, there remains considerable debate as to whether, as their proposal would predict, the effect of contextual illusions on vision-for-action can be dissociated from that on vision-for-perception. Meta-analytical efforts examining the effect of the Müller-Lyer (ML) illusion on pointing (Bruno, Bernardis, & Gentilucci, 2008) or grasping (Bruno & Franz, 2009 ) have been conducted to resolve the controversy. To complement this work, here we re-analyzed 17 papers detailing 21 independent studies investigating primary saccades to target locations that were perceptually biased by the ML illusion. Using a corrected percent illusion effect measure to compare across different studies and across experimental conditions within studies, we find that saccadic eye movements are always strongly biased by the illusion although the size of this effect can be reduced by factors such as display duration and between-trials variability in display length and orientation, possibly due to a process of saccadic adaptation. In contrast to some reports, we find no general support for differences between voluntary and reflexive saccades or between saccades performed in conjunction with a pointing movement and saccades performed without pointing. We conclude that studies on the effect of the Müller-Lyer illusion do not provide evidence for a functional dissociation between primary saccades and perception.
Introduction
In a currently much-debated proposal, the dorsal-ventral anatomical split after primary visual cortex is interpreted as the neural substrate of two independent modules: vision-for-perception, identified with the V1 -IT ventral pathway, and vision-foraction, identified with the V1 -PPT dorsal pathway (Goodale & Milner, 2004; Milner & Goodale, 1995 ; see also Trevarthen, 1968; Ungerleider & Mishkin, 1982) . This proposal has proved successful in explaining a number of results in diverse domains such as neuropsychology, functional imaging, and psychophysics. However, the degree of ''encapsulation", or functional independence, between the two visual modules remains controversial. Specifically, Milner and Goodale made the strong prediction that, under certain conditions, vision-for-action should operate on the basis of spatial representations that have different properties from, and are at least partly independent of, the spatial representations forming the basis for our conscious experience. This prediction is consistent with observations on patients exhibiting ''blindsight" (Weiskranz, 1986) , visual form agnosia (Milner, 1997) , and optic ataxia (Milner, Paulignan, Dijkerman, Michel, & Jeannerod, 1999 ; but see also Himmelbach et al., 2009 ). However, experiments on neurologically intact individuals, seeking to dissociate vision-for-perception and vision-for-action by assessing differences in the effects of contextual illusions, have lead to differing results and to controversy (see Bruno, 2001; Carey, 2001; Franz, 2001; Franz, Gegenfurtner, Bülthoff, & Fahle, 2000; Glover, 2002; Milner & Dyde, 2003) . Despite a large literature, there is currently no consensus as to whether motor responses to illusions can be dissociated from conscious perception and, if so, under which conditions (see for instance Franz & Gegenfurtner, 2008; Goodale, 2008) .
It is notable that for the most part the ''actions" that have been discussed in this literature are those of pointing, reaching and grasping, that is those of the hand and arm. These represent an important but limited subset of the primate motor repertoire. areas, including regions of the parietal and frontal cortices as well as the basal ganglia, thalamus, superior colliculus, cerebellum, and brainstem reticular formation (see Munoz, 2002) . Given the involvement of parietal cortex, and most notably of the lateral interparietal area (LIP) that is classically assigned to the dorsal stream, functional interpretations of the dorsal-ventral split as reflecting vision-for-action and vision-for-perception modules would predict dissociations between perception and saccadic control (i.e. saccades should be relatively immune to the effects of illusions). On the other hand, saccades are by definition ballistic movements that cannot be corrected on the basis of visual information available during saccade execution (although some form of feedforward control may still be possible, see West, Welsh, & Pratt, 2009) . If the availability of online visual feedback plays a critical role in promoting motor immunity from illusions, one would predict substantial illusion effects on saccades. However, as we show in what follows, available data on the size of illusion effects on saccades show a large variability, ranging from an illusion effect size of as much as 30% to less than 10% These wide differences suggest that there are factors modulating illusion effects on saccades besides the mere responses mode (perceptual or motor). The range of apparent effect sizes makes it difficult to evaluate the impact of these results for the debate on perception-action dissociations.
To clarify the situation here we present a meta-analysis of studies that tested the effect of the Müller-Lyer (ML) or related illusions ( Fig. 1 ) on primary saccades. All of these stimuli typically produce a large difference in the perceived length (as assessed for instance by verbal estimates or adjustments) of linear segments as a function of the direction of fins or similar patterns abutting them. We sought to determine whether primary saccades are affected by such stimulus contexts, and, if so, whether such contextual effects are comparable to those on perceptual reports. In contrast to standard narrative reviews, which focus on the mere direction of differences between groups or conditions, meta-analytic approaches (Hunter & Schmidt, 2004; Rosenthal, 2001 ) aim at comparing quantitative assessments of effects in different studies. For this purpose, we used a percent corrected measure as developed previously (see Bruno & Franz, 2009; Franz & Gegenfurtner, 2008, Appendix B) . Using this corrected measure, we were able to evaluate results from different studies jointly and to decide between different hypotheses concerning the dissociation between vision-for-action and vision-for-perception.
Methods
We performed literature searches using MedLine, PsychInfo, WebOfScience, and Google. We included all studies that met the following criteria: (i) the stimuli consisted of contextual effects that produced apparent compression or expansion of a linear segment, that is, they belonged to the ''Müller-Lyer family" of illusions (see Bruno, Bernardis, & Gentilucci, 2008) ; (ii) the dependent variable was the amplitude of the primary saccade from one endpoint to the other endpoint of such segments; (iii) enough information was available (or could be obtained by contacting the authors) to derive a corrected measure of the percentage illusion effect (see relevant section below).
The search yielded 17 papers reporting studies that met these criteria (Bernardis, Knox, & Bruno, 2005; Binsted & Elliott, 1999a; Binsted & Elliott, 1999b; de Grave, Smeets, & Brenner, 2006; de Grave & Bruno, 2010; DiGirolamo, McCarley, Kramer, & Griffin, 2008; Ehresman, Saucier, Heath, & Binsted, 2008; Festinger, White, & Allyn, 1968; Knox, 2006; Knox & Bruno, 2007; Lavrysen et al., 2006; McCarley & Grant, 2008; McCarley, Kramer, & DiGirolamo, 2003; Tegetmeyer & Wenger, 2004; Tegetmeyer & Wenger, 2006; Thompson & Westwood, 2007; see Appendix A) . Because some of these studies reported more than one experiment using separate groups of participants, we were able to analyze a total of 21 independent studies. In addition, several of these studies also performed interesting comparisons within their own group of participants. Thus, in our analysis we also included effect estimates for different conditions administered to the same groups of observers. Including these conditions as separate studies in our database brought the total number of datapoints up to 34. However, to avoid undue complexity in the analysis when examining variables that were manipulated both within and between observers by different studies, we considered all results as if they were from separate groups (for the statistical implications and a more detailed discussion of this point see Bruno & Franz, 2009; Bruno et al., 2008) .
To evaluate the effect of the illusion on saccadic behavior in different studies, we computed a corrected measure of the percent illusion effect. This correction is crucial, not only to make comparisons between saccadic and perceptual responses, but also for comparing effects across saccade studies employing differently-sized stimuli or different conditions (Bruno & Bernardis, 2003; Bruno & Franz, 2009; Bruno et al., 2008; Franz, 2003; Franz et al., 2001; 2005) . In the following paragraphs, we provide a detailed rationale for using a correction before introducing the relevant formula. (Readers that are already familiar with this issue may skip the remaining paragraphs of this section.) Consider first differences in stimulus size, and suppose that one wished to compare a study employing 5 cm segments with a second study employing 10 cm segments. Suppose further that saccadic amplitudes in the expanding and compressing stimuli in the first study measured at 5.5 and 4.5 cm, whereas amplitudes in the second study measured at 11 and 9 cm. If the illusion effect were measured simply by the expanding -compressing difference, we would reach the conclusion that the second study found a 2 cm effect, whereas the first study a mere 1 cm effect. However, this conclusion would be misleading, as both studies in fact found an illusory bias equal to 20% of the actual segment length.
Consider now differences in experimental conditions. It has been repeatedly observed that such differences can change the gain of the motor response. For instance, in two of the studies reviewed here participants performed repeated saccades from one endpoint to the other, and back, in synchrony with an auditory signal (Binsted & Elliott, 1999b; Lavrysen et al., 2006) . This is fundamentally different from studies in which a single saccade is made in each trial, as the saccadic gains become substantially more hypometric (in the present dataset, the gain becomes about 0.7 against values around 0.9-1 for single saccades). Now suppose that one wished to compare two studies using 5 cm segments and that both report an expanding-compressing difference equal to 1 cm. In the first study, however, the saccadic gain was unitary, whereas in Fig. 1 . Distribution of effects in 34 studies of saccades on the ML illusion. the second study it was hypometric (for instance, 0.7). If the illusion effect were measured by the expanding -compressing difference, we would reach the conclusion that the studies found the same illusion effect. But this conclusion would also be misleading, for in the first study the 1 cm difference corresponds to 20% of an unbiased saccadic amplitude, whereas in the second study it corresponds to almost 30% of this amplitude.
Thus, to measure illusion effects the expanding-compressing differences need to be corrected by the saccadic gain and the physical length of the segment. To this end, we computed corrected percent effects by the formula:
½ðexpanding À compressingÞ=ðslope Â true lengthÞ Â 100;
where expanding and compressing refer to the measure associated with each of the two versions of the illusion pattern, true length is the actual length of the segments, and slope refers to the slope of the linear function describing the scaling of the employed measure to actual length. When a study included more than one segment size, we averaged the effects for each size. Consider, for instance, a hypothetical study employing 5 and 10 cm segments between the inward or outward fins. Suppose further that saccadic amplitudes in the expanding version of the illusion measured 5.5 and 11 cm, whereas saccadic amplitudes in the compressing version measured 4.5 and 9 cm. Finally, suppose that the observed saccadic gain in the conditions of the study is 0.7. The corrected percent effect is equal to the average of the two percent illusion effects: ½ð5:5 À 4:5Þ=ð0:7 Â 5Þ Â 100 þ ð11 À 9Þ=ð0:7 Â 10Þ Â 100=2 % 29%:
Data needed to compute percent corrected effects for each study were read off published tables, estimated from data reported in graphic form when possible, or requested from the authors otherwise. In studies that measured saccades using only one segment length, which by design do not provide data to estimate a slope, we used the mean slope of the studies performed in the same conditions.
Results
The distribution of mean corrected percent effects for the 34 studies analyzed here is presented in Fig. 1 . Summary statistics revealed that the distribution in Fig. 1 is approximately symmetric with a median equal to 13.8% and an arithmetic mean equal to 14.2%. The standard error of the mean is 1.2%. The smallest effect is 2.5% and the largest one is 28.7%. Thus the statistics of the distribution suggest that the effect of the illusion on saccades is substantial and different from zero.
In our dataset, five studies also included perceptual measures (see Appendix B). The mean effect associated with these measures was 18.8%. (SE: 2.8%; range 11.4-28.4%), which is slightly higher but well within the range of the observed oculomotor effects as confirmed also by a two-sample t-test, t(5) = 1.5, p > 0.19. However, the sample of perceptual effects consists of measurements from only five studies, and it may be argued that this comparison lacks the statistical power to reveal a dissociation between the perceptual and motor effects. Consistent with this argument, Bruno et al. (2008) estimated the perceptual effect of the Müller-Lyer illusion in 11 independent studies to be 22.4%, which is indeed larger than that observed in the present dataset. Given that the studies in the Bruno et al. (2008) dataset used computer-generated or paper line drawings that are very similar to those used in the studies analyzed here, a more stable estimate of the ''population value" for perceptual effects may be obtained by averaging the 11 studies in the Bruno et al. (2008) dataset with the five studies available here. Our saccade dataset is indeed unlikely to come from a distribution centered around this average perceptual estimate, t(33) = 5.7, p < 0.0001, HO: l = 21.3%.
Overall, these results might be interpreted as providing some evidence of a relative (rather than absolute) dissociation between perception and action. Given the large variability in the saccade effects, however, it may be argued that saccadic responses are less affected by the illusion than perception at least in certain conditions. This in turn would suggest that other factors, besides the mere response mode (saccade, as opposed to a verbal or matching response), can modulate the illusion effect. To understand what these factors may be, and to determine whether these are consistent with a perception-action dissociation or can be ascribed to other factors influencing saccadic responses, we analyzed the saccade effects further. In what follows, we identify nine candidate factors on the basis of theoretical and practical considerations and compute relevant summary statistics to reveal potential causes of variation.
Type of illusion
The reviewed studies did not use exactly the same version of the Müller-Lyer illusion. Specifically, 15 used the standard version, 10 used the Brentano version, 8 used a fin-only pattern, and one used a somewhat different display, the Kanizsa compression illusion which involves only apparent compression of an occluded segment relative to an unoccluded one, but no apparent expansion (see Fig. 2d ). Previous reviews on other motor responses (Bruno & Franz, 2009; Bruno et al., 2008) suggest that these versions have comparable effects. To confirm this finding we computed average effects after separating the studies according to this classification. As done previously (Bruno et al., 2008) , we doubled the effect size of the Kanizsa display to compensate for its asymmetry. Table 1 shows the summary statistics, which fail to reveal any differences except for the Kanizsa display; even after doubling the effect size, this appears to produce a somewhat smaller effect. Given that this difference is based on a single study, and that its associated effect, even if smaller than all other averages, is still larger than several individual effects in the other categories, we conclude that the type of illusion is not critical to understand the variability in the present dataset.
Coordinated hand pointing movement
There is evidence that, under certain conditions, eye and arm movements can share spatial information (Bekkering, Abrams, & Pratt, 1995; de Graaf, van der Gon, & Sitting, 1996) . In particular, some studies have shown that saccade trajectories can be affected by those of concomitant closed-loop reaches (Tipper, Howard, & Paul, 2001) . Whether this is a general phenomenon is currently not clear. In a recent report, for instance, saccades were affected by contextual distractors whereas pointing was not (Buonocore & McIntosh, 2008) . Given that some of the current studies included comparisons of simple saccades with saccades performed while also pointing to the segment endpoints, we computed average effects in these two conditions. Summary statistics are presented in Table 2 , which fail to reveal a difference between the two types of saccadic movements.
Reflexive vs. voluntary saccades
McCarley et al. (2003) suggested that reflexive saccades are controlled by the dorsal stream and are therefore less likely to be affected by illusions. Conversely, voluntary saccades are under control of the ventral stream and therefore might be influenced by contextual information, such as that which provokes visual illusions. Goodale and Westwood (2004) interpreted this distinction between reflexive and voluntary saccades as being supportive for their two-visual-systems hypothesis. However, further explicit tests of differences in illusion effects between reflexive and voluntary saccades have provided contradictory answers (DiGirolamo et al., 2008; Knox & Bruno, 2007; McCarley & Grant, 2008) . To evaluate the generality of the proposal, we sought to classify each study of the dataset as testing either reflexive or voluntary saccades. The concepts of reflexive and voluntary movements have evoked considerable controversy in the past (for an extensive discussion see Prochazka, Clarac, Loeb, Rothwell, & Wolpaw, 2000) . However, at least for saccades a basis for the distinction can be found in some simple contrasts (Walker, Walker, Husain, & Kennard, 2000; Hopp, & Fuchs, 2004; Mort et al., 2003) . Reflexive saccades are generated in response to external events occurring in the environment, where the location of the event is the target for the saccade and occurrence of the event is the signal to execute the saccade. Such saccades have been likened to a visual grasp reflex (Machado & Rafal, 2000) . Voluntary saccades on the other hand involve some degree of additional, usually top-down, processing, and can be classified further into various categories such as memory-guided, delayed, or cued saccades, as well as antisaccades. All of these saccade types involve different degrees of processing of prior or cue information, action planning, inhibition or spatial computation. In the present analysis we contrasted saccades made immediately to a suddenly appearing stimulus (reflexive), with any other type of paradigm (which we grouped for simplicity under the label of voluntary saccades). Table 3 presents the relevant summary statistics, and suggests no general difference between the two types of saccadic responses (see also Knox & Bruno, 2007) .
Number of trials per experimental condition
It has been known for more than a century that the perceptual effect of the Müller-Lyer illusion weakens gradually over repeated presentations of the display (Judd, 1902; Köhler & Fishback, 1950; Lewis, 1908; Predebon, 2006) . Previous reviews on other motor responses (Bruno & Franz, 2009; Bruno et al., 2008) demonstrated that some portion of the variability in illusion effects across studies is indeed captured by repeated presentations, as measured by the number of trials per condition in the experiment. To test this possibility for saccadic responses, we plotted effects of the illusion in the 34 saccade studies as a function of trials per condition (see Fig. 3 , Section 5) and computed linear regression parameters (Table 4 ). In contrast with the expectation based on previous results, the fit did not reveal a decrease in effect size with higher numbers of trials. We will offer a possible explanation for this result in Section 5.
Display duration
A critical feature of any study measuring saccadic eye movements is the duration of the displayed stimuli. Saccadic eye movements are considered to be ballistic movements. The larger a saccade, the greater its peak velocity (Becker, 1989) . Once a saccade has started, its trajectory cannot be modified by (online) visual feedback. For this reason, saccades are by definition performed in a visually open-loop fashion. When a saccade is made in the Müller-Lyer display from one segment endpoint to the other, subjects might end up at the incorrect location due to the effect of the illusion. However, if the displayed stimulus (in this case the Müller-Lyer illusion) remains visible after the end of the saccade, retinal error signals become potentially available after the first fixation and may cause saccadic gains to adapt over repeated trials (Hopp & Fuchs, 2004; McLaughlin, 1967 ). This in turn may result in an apparent decrease in illusion effect. On the other hand, if the stimulus is only briefly flashed, the saccade will not have been completed before the display is turned off. Therefore, no error signal will be available and the effect of the illusion will remain large. The critical duration for a stimulus to provide such error signal should be around 200 ms, the average saccade latency for simple reflexive tasks (Fischer, Biscaldi, & Gezeck, 1997; Munoz, Broughton, Goldring, & Armstrong, 1998) . Accordingly, to evaluate the impact of display duration on the effect of illusory contexts on saccades, we separated the reviewed studies into two groups (display times of more or less than 200 ms, see Table 5 ). The first group (more than 200 ms, implying that visual information was still present when the saccades were completed) consisted of 25 studies, whereas the second group (displays flashed for less than 200 ms) consisted of nine studies. As shown in Table 5 , the mean effect of the illusion in briefly flashed displays is doubled relative to the effect in longer displays. The effect average size for studies with short display times (22%) is the same as the effect on perception as estimated from the pointing and the current data (see initial part of Section 3) and even larger than the effect on perception as estimated from the five saccade studies, t(8) = 2.6, p < 0.03, H0: l = 18.8. With longer display times the effect is smaller than that on perception, t(24) = À6.7, p < 0.0001, H0: l = 18.8 even though it remains substantially larger than zero, t(24) = 10.17, p < 0.0001, H0: l = 0. This pattern of results is consistent with the possibility that saccadic adaptation, driven by retinal error signals when saccading to longer-lasting stimuli, acted to reduce the effect of illusory contexts. We will return to this point in the final discussion.
Variability in stimulus orientations
The reviewed studies differed in the number of possible orientations of the illusion in each trial. Specifically, 19 studies presented illusion patterns that were always horizontal and to the right of the initial fixation. In these studies, therefore, spatial uncertainty regarding the position of the stimulus was minimal. Conversely, nine of the reviewed studies involved patterns that could appear in two orientations with respect to the fixation point (either to the left and the right or to the top and the bottom). One study involved saccades in three orientations (to the top or the bottom of fixation, or in an orthogonal orientation). Finally, five studies involved stimuli that could appear in four orientations. To test whether variability in stimulus orientation modulated the effect of illusory context on saccades, we computed mean illusion effects in studies using 1, 2, or more orientations (3 and 4 alternatives were grouped together). Table 6a presents the summary statistics, which suggest that saccades were less affected by the illusion when spatial uncertainty was smaller. The causes for this unexpected effect are not obvious. It could be argued that a lack of variability in stimulus orientation may cause a decrease of saccadic gain, such that saccades would always tend to fall short of the target producing a reduction in the raw difference between the arrow-in and arrow-out versions of the illusion. However, our analysis is not based on raw effects. By dividing raw effects by saccadic gains, we are effectively correcting for this potential source of bias. As an alternative, it is possible that when the stimuli were always presented in the same orientation, participants tended to move to a more or less constant position (not necessarily shorter than the target), thereby ignoring the contextual information. This tendency would have the effect of reducing the illusion effect. Another possibility is that, when displays were presented in a single orientation, participants could plan the saccadic response more efficiently because they could pre-program the orientation and compute only the amplitude of the movement according to the current stimulus. Conversely, with more than one orientation, both the amplitude and the orientation needed to be programmed anew in each trial, possibly resulting in greater computational load. It could be speculated that an increase in the operations needed to program the saccade result in a stronger illusion effect, for reasons analogous to the reflexive-voluntary distinction. Finally, it could be argued that presenting displays over a single orientation maximizes opportunities for saccadic adaptation. When subjects receive a retinal error signal after a saccade, they start to change the saccadic amplitude over trials to end up at the correct end position (Collins, Doré-Mazars, & Lappe, 2007; Hopp & Fuchs, 2004; Noto & Robinson, 2001; Wallman & Fuchs, 1998) . This process would be most efficient if repeated saccades are made to the same position. However, saccadic adaptation can also occur when the saccade target is at different positions and when saccades have different amplitudes, although the process is slower, and the effects are smaller (Albano & King, 1989) . Critical to distinguishing between these possibilities is the interaction between display time and number of orientations. If longer display times produce retinal error signals and adaptation, we should observe a modulation due the variability of lengths only in that condition and not when display times are short. Therefore we computed again the same statistics after separating studies according to display duration (Table 6b ). The results suggests that variability of stimulus orientation modulates the effect when retinal error signals are available after the end of the saccade (long stimulus durations), but not when error signals can be ruled out (short durations). This pattern is therefore most consistent with the saccadic adaptation alternative. We will return to the implications of this conclusion in the final discussion.
Variability in stimulus lengths
Another factor that might modulate illusion effects on saccades is the variability in stimulus lengths. Twenty-three studies used more than one stimulus length whereas 11 studies used only one stimulus length. Using only one length maximizes opportunities for adaptation, especially in combination with limited stimulus orientations (see point 6). This means that the effect of the illusion should on average be smaller in studies with a single stimulus length compared to studies that present more than one stimulus length. To investigate this, we considered only the studies with a stimulus duration longer than 200 ms as the studies with shorter stimulus duration all had more than one stimulus length. Table 7 shows that in studies with a single stimulus length the ML illusion affected saccades much less then than in those involving multiple stimulus lengths.
Blocking of stimulus configuration
When different stimulus configurations (expanding or contracting) are presented in blocks, participants receive repeated presentations of the same type of stimulus. This feature of the design will also increase the probability of saccading on patterns that are similar in orientation in a sequence of trials, increasing opportunities for adaptation and therefore potentially reducing the effect of the illusion. Conversely if the expanding and contracting configurations are interleaved, this will tend to decrease the probability of sequences of similar patterns, reducing opportunities for adaptation. In addition, it is not completely clear whether patterns having similar length and orientation, but different fin patterns (in-or outward pointing) cause adaptation (as they should if the saccadic systems were responding only to the segment and ignoring the context) or not (if saccades take the context into account, as the present analysis suggests). In the reviewed dataset, only three studies used a blocked design and all of them employed long stimulus durations. Thus, we could only compare the effect of a blocked design in studies with long stimulus durations (see Table 8 ). Strikingly, however, the average illusion effect in those three studies reduces to less than 6%, half the effect of studies with unblocked designs. In addition, two of these three critical studies not only blocked configurations, but also used a single stimulus length (Tegetmeyer & Wenger, 2004; Tegetmeyer & Wenger, 2006) . In these studies the same version of the illusion was presented in each trial of a block and a retinal error signal was always present, generating optimal conditions for saccadic adaptation. Indeed, the average percent corrected effect in these two studies turned out to be a mere 3.5%.
Preventing repetition of identical stimuli in successive trials
Besides orientation, length, and blocking, there is a fourth factor that is potentially relevant to the possibility of saccadic adaptation having a role in studies such as those reviewed here. The experimental randomization could be programmed to prevent repetitions of identical stimuli over successive trials. Although this procedural detail will not fully rule out adaptation, as some adaptation may still happen with successive stimuli having the same orientation and different lengths or the same length and orientation but different fins, it will certainly reduce the intertrial correlations that favor adaptation most. Thus, one would expect that studies with this kind of randomization would find a reduced or no difference between long and short-duration displays. This was the approach taken by de Grave and Bruno (2010). They tested one, two, or four orientations and compared short (80 ms) and long (stimulus on until response) duration displays and found similar (and relatively large) average illusion effects in the two conditions (approximately 17.5% vs. 17.9%, respectively for the short and long durations, see Appendix A). This finding is what one would expect if the average reduction of the illusion effect that we found here was due to saccade adaptation. Although this conclusion is based on a single study, it contributes an additional, important piece of evidence for our proposed saccade adaptation account. Not only are illusion effects consistently reduced whenever the study methods include features that favor adaptation, but also the reverse seems to hold true: when a study includes a feature that minimizes adaptation, the reduction is no longer observed.
Modelling illusion effects
The analyses described in the previous sections suggest that a substantial portion of the variability between studies in the present dataset can be described by a limited set of factors: whether saccadic stimuli had long or short durations, the number of stimulus orientations, whether studies used only one stimulus length, whether they adopted blocking of configurations, and whether the procedure prevented the repetition of identical displays in successive trials. In addition, the present analyses also suggest that the number of orientations only affected the amount of illusion effect in studies with long stimulus durations. Because the number of studies employing blocking was small and largely coincident with the absence of variability in length, we decided to exclude blocking from our attempt to model the present effects. (Please note that this does not entail that differences as a function of blocking are not theoretically relevant.) We also excluded the prevention of repetition as this was done in only one study. Thus, to model the effects of these variables we fitted a linear model on the percent corrected illusion effects as a function of three independent variables: stimulus duration, its two-way interaction with variability of orientation, and variability of length and its corresponding two-way interaction with duration. To compare different durations after accounting for differences in spatial uncertainty, we used sequential sum of squares entering orientation uncertainty first, the duration Â orientation interaction second, duration third, and finally length uncertainty. Overall, this model accounted for 71% of the variability between studies, with orientation uncertainty accounting for 33%, F(2, 27) = 15.0, p 6 0.0001, the orientation Â duration interaction accounting for 9%, F(2, 27) = 3.9, p 6 0.03, duration accounting for 20%, F(1, 27) = 18.3, p 6 0.0002, and length uncertainty for a final 9%, F(1, 23) = 7.9, p 6 0.01.
Discussion
In summary, our meta-analysis yielded four main results. The first is that saccades are always substantially affected by the Müller-Lyer illusion. Even under the conditions that should be most favorable in promoting accurate saccades, i.e. long stimulus durations with minimal spatial uncertainty, the mean effect of the illusory context is clearly larger than zero. The finding that saccades are generally affected by the Müller-Lyer illusion confirms qualitative observations dating from more than a century ago (Stratton, 1906) . It has been occasionally suggested that there are saccade-specific mechanisms that might explain the large effect of Müller-Lyer configurations on saccades, independent of the influence of the illusion. One such mechanism might involve centre of gravity (CoG) effects. The term ''centre of gravity" has been used for the effect on saccades of two types of stimuli. When a configuration consists of a number of separate point objects (usually in the form of a target and one or more distractors) saccades tend to land at some intermediate position, that is directed towards the CoG of the whole configuration (the global effect; Findlay 1982) . However, Walker, Deubel, Schneider, and Findlay (1997) demonstrated that this only happens when distractors are relatively close to the target. Remote distractors modify saccade latency, not amplitude. Many of the Müller-Lyer displays used in the experiments we reviewed were single configurations, not separate objects. In some experiments with the wings only configuration, separate elements were presented, one at fixation and the other eccentrically (e.g. Bernadis et al., 2005; Knox & Bruno, 2007) . In such configurations with point targets, saccade latency, not amplitude, is modified (Walker et al., 1997) .
A second CoG effect has been investigated using spatially extended targets. When Melcher and Kowler (1999) presented subjects with a range of shapes, and instructed them to look at the target as a whole (rather than attend to component features), subjects saccaded to the centre of the area occupied by the target configuration rather than to the average location calculated across visible elements. In these experiments, the targets were bounded shapes and surfaces. Müller-Lyer stimuli, while spatially extended, are not bounded shapes defining a surface in the same manner. And in most of the experiments we reviewed, subjects were instructed to saccade to a well defined position, such as a particular vertex or dot on a vertex. The scope for the relatively large effects of Müller-Lyer stimuli on saccade amplitude to be generated by either of these saccade-specific mechanisms seems very limited. Never-the-less, this leaves open the possibility that CoG effects might make a contribution to the results of Müller-Lyer saccade experiments.
de Grave, Smeets et al. (2006) performed an experiment to check for a CoG effect in Müller-Lyer stimuli. Subjects performed saccades along the shafts of the Brentano illusion (between the vertices) or from a position outside toward the middle vertex. If a CoG effect were present, saccades from outside should have shown a deviation along the shaft. However, no such effect was found. de Grave, Smeets et al. (2006) concluded that the CoG effect cannot explain the illusion effect on saccades. Gilster and Kuhtz-Buschbeck (2010) suggested that the presence of the target dot on a vertex might have eliminated the CoG effect. In their study they explicitly sought to measure the saccade specific CoG effect. They reported a small CoG effect of about 5%. It therefore appears that CoG effects, if present, are small, and cannot explain the effects of Müller-Lyer stimuli on saccade amplitude.
Our second main result is that saccades in response to long stimulus durations are much less affected by the illusion than saccades made in response to short stimulus durations. In fact, data from the reviewed studies suggest that the effect of the illusory context in short stimulus durations is, on average, comparable to that in perception. Conversely, in long stimulus duration displays the effect is clearly smaller than that on perception, although it still remains larger than zero. We suggest that this difference can be ascribed to saccadic adaptation. As shown by our detailed analysis of factors affecting the variability of illusion effects on saccades, all experimental conditions that potentially allow for adaptation over some or all experimental trials (including blocked designs, variability of stimulus orientation, lack of variation in stimulus length, and procedural details that prevent the repeated presentation of identical displays) consistently lead to changes in the effects that fit an adaptation account.
The third main result is that the spatial uncertainty regarding the location of the stimulus modulates the effect of the illusory context. In particular, minimal spatial uncertainty in trials with long stimulus durations reduces the illusion effect the most. Given the present data, it remains difficult to determine whether the effect of spatial uncertainty should be construed as a sharp difference between long duration displays with minimal uncertainty and all other types of trials, or should rather be conceived as a gradual increment of the effect due to the illusory context as spatial uncertainty increases. One problem lies in the relatively few data points in some cells of the duration Â uncertainty interaction, which makes it hard to pinpoint the exact nature of the interaction. Interestingly, this problem may also underlie the lack of an effect of the number of trials. In Fig. 3 , we have plotted all 34 data points as a function of trials per experimental condition, coding each study according to duration level, to uncertainty regarding the stimulus orientation, and to the use of a single stimulus length. As is apparent, all studies involving minimal spatial uncertainty tended to use relatively fewer trials per condition (pale blue symbols), whereas studies involving greater spatial uncertainty tended to include more trials. In addition, several studies using relatively few trials also used a single orientation (note the cluster of filled pale blue symbols at the bottom left of the plot). These trends are understandable, given that the reviewed studies were not designed to test either of these factors and that including more possible orientations for the stimulus requires lengthier experimental sessions. We conclude that further experiments are needed to unravel the confounding effects of number of trials and spatial uncertainty.
Finally, our fourth main result suggests that there is no general difference in the effect of the illusion in reflexive and voluntary saccades. This is somewhat surprising, as one study reported substantially smaller illusion effects on reflexive than on voluntary saccades (7-10% vs. 21%; McCarley et al., 2003) . This report has been interpreted as evidence for dissociation between fast, immediate motor responses and more deliberate actions guided by the ventral stream (Goodale & Westwood, 2004) . Notably, however, the reflexive condition of this study involved the presentation of a spatial cue (a dot) at the target segment endpoint. Given that this was not presented in the voluntary condition, it remains possible that the cue provide a strong positional signal which reduced the contextual effect of the illusion. In addition, factors related to the availability of retinal error signals at the end of saccades might have been more effective on reflexive than on voluntary responses. This might have been the case because reflexive saccades often have shorter latencies (but not always, see McCarley & Grant, 2008) , and might therefore reach the target before it is extinguished in some trials even if the stimulus lasts only around 200 ms. To better evaluate this possibility, we performed an additional analysis of our dataset to compare voluntary and reflexive saccades in studies using short and long duration displays. The outcome of this comparison is presented in Table 9 . Interestingly, the table does show a trend indicating smaller effects in reflexive saccades with both long and shortduration displays. However, the difference in the long durations displays is much smaller than that reported by McCarley et al. (2003) and definitely small in comparison to the associated standard errors. The difference is more conspicuous with the short-duration displays (with the added caveat that there was only one study using short durations with voluntary saccades). However, this trend may be due to the shorter latencies of reflexive saccades, which may have allowed for an error signal to become available in some trials in relatively longer short-duration displays. Alternatively, it is possible that very fast, reflexive saccades have access to a somewhat different spatial representation than slower, more deliberate saccades at least in very specific conditions (see de'Sperati and Baud-Bovy, 2008) . Further tests comparing a wider range of voluntary and reflexive paradigms and controlling for durations may be needed to settle this issue.
Implications for the ''two-visual-systems hypothesis
The most interesting outcome of the present meta-analysis concerns its implications for theories positing a division of labor between vision-for-perception and vision-for-action (i.e., the ''two-visual-systems" hypothesis). To evaluate these implications, it is useful to examine in detail how such a division might be conceived. In their earlier meta-analysis of grasping on the Müller-Lyer illusion, Bruno and Franz (2009) proposed that the different ways to conceive such a division are captured by five alternatives, which they called the naïve, strong, weak, and planning-control versions of the two-visual-systems hypothesis and the motor control hypothesis. In what follows, we summarize the main feature of each and discuss to what extent these alternatives, which were derived with regard to grasping movements, can be generalized to saccades. In addition, we evaluate the extent to which each hypothesis fits the current dataset.
According to the naïve version of the two-visual-systems hypothesis, any motor response is based on a separate representation from that underlying conscious perception. Thus, the division corresponds simply to the selection of a specific response mode, motor or perceptual. This proposal is naïve, for it neglects the fact that all behavioral responses, be they object-directed actions or verbal reports of one's conscious experience, always ultimately entail some kind of movement. For instance, speaking is needed for a verbal report but it is obviously also a motor response. In contrast, certain classes of communicative actions performed with one's hands, such as gesturing or pantomime, are presumably based on the same internal representations as conscious perception or imagination. Thus, the naïve hypothesis can be dispensed with.
According to the strong version of the two-visual-systems hypothesis, at least certain classes of visually driven motor responses are based on representations that are fully independent of those underlying conscious percepts. The exact definition of the responses having these properties is not completely clear, but there is some consensus that the relevant dimensions are speed, automaticity, visually-based programming and egocentric spatial coding (i.e., ''low level elementary" visuomotor processing, see Jacob & Jeannerod, 2003) . For instance, rapid pointing or reaching towards an object may be thought to be distinguishable from deictic pointing, which calls into play a more cognitive, symbolic function. Similarly, rapid object-directed grasping may be distinguished from ''pantomimed" grasping or from grasping involving a representation derived from one's memory. Thus the strong hypothesis proposes that at least under certain conditions actions can be based on spatial representations that are context-insensitive and for that reason fully immune to visual illusions. As shown by the current results, saccadic responses to the Müller-Lyer illusion are not consistent with this prediction. Although they can certainly be classified as rapid and vision-driven, under no condition do saccades appear to be immune from the illusion. We conclude that the strong hypothesis can also be rejected.
According to the weak version of the two-visual-systems hypothesis, vision-for-action and vision-for-perception instead function as separate but interacting mechanisms (Goodale & Westwood, 2004) . In this account, the context-sensitive internal representation driving perception can exert some influence on the representation used to guide actions. However, in some cases this influence is mitigated, such that certain classes of actions are less sensitive to contextual effects than other classes, or than conscious percepts. For instance, one may expect that rapid pointing, or rapid grasping, being largely if not completely performed on the basis of egocentric representations, may be less sensitive to contextual effects than slower responses. Within the illusion literature, the weak hypothesis predicts that certain actions, even if not fully immune from illusory effect, should at least be more resistant to illusions than perceptual responses.
In an earlier meta-analysis of rapid pointing to the Müller-Lyer illusion, Bruno et al. (2008) reported evidence consistent with the weak hypothesis. Effects of illusory contexts were substantial when subjects pointed on the basis of the recent memory of the illusory display, whereas the illusion effects were minimal when the pointing response was made while still viewing the display. The critical factor was therefore whether visual information was available during the programming phase of the movement, or not. It is presently unclear how the distinction between memory-programmed and vision-programmed actions might be applied to saccades, as experimental conditions in saccade experiments are not completely comparable to those in pointing or reaching experiments. Given the display durations that were employed in the present saccade experiments, it seems likely that saccade programming had sufficient visual information in all conditions and was never programmed by memory. Thus, it seems reasonable to assume that saccades to both short and long duration displays were visually driven (see also Knox & Bruno, 2007) .
On the other hand, the weak version of the two-visual-systems hypothesis would predict that any additional factor that interferes with visually-based planning should increase the illusion effect. One such factor should be the variability of stimulus orientation, but only in short-duration displays. Consider such shortduration displays first. When the orientation is fixed or does not vary much, participants could in principle allocate attentional resources to the location of the target segment before the appearance of the display. This might enable them to complete much of the movement planning prior to the display appearing (usually the go signal for the saccade), and complete it while the display is still visible. When the orientation of the segment is instead uncertain, this prior planning is not possible before the appearance of the display. This might require the engagement of an attentional mechanism, possibly involving a top-down component with effects similar to planning by memory. Now consider long duration displays. In this case, visual information remains continuously available for planning a saccade in the appropriate direction, independent of the number of alternative orientations in the experiment. Therefore, according to the weak hypothesis, one would expect an effect of orientation uncertainty in short-duration displays, but not in long duration displays. Given that we observed the opposite, we conclude that the present pattern of results speaks against the weak version of the two-visualsystems hypothesis. According to the planning-control version of the two-visualsystems hypothesis (Glover & Dixon, 2001; Glover, 2004) , some action responses are also insensitive to contextual effects. In contrast to the weak hypothesis discussed above, however, the critical feature in modulating contextual effects is not the involvement of memory but the distinction between the preparatory phase (planning) and the control phase of the action. In the planning-control view action preparation uses the same contextdependent visual representation as vision-for-perception. The control phase is instead driven by a context-independent representation. Thus, in the case of a grasp the planning-control hypothesis predicts a large illusion effect in the initial part of the movement, and increasingly smaller effects as the action unfolds (see e.g., Glover & Dixon, 2002; Meegan et al., 2004 , but see Franz et al., 2005 . In ballistic movements, such as saccades, it is not completely clear how the planning-control distinction may be applied (Glover, 2004) . Given that a ballistic response by definition has no control phase, it may be argued that Glover's model predicts large effects of the illusion on saccades. In this, therefore, the current results seem consistent with Glover's model. However, the model predictions remain unclear with regard to the distinction between voluntary and reflexive saccades and to the potential role of retinal error signals at the end of the action.
According to the motor control hypothesis, finally, the difference in the use of visual information between vision-for-perception and vision-for-action may be more limited in scope, and reduced to the mere effect of sensory feedback when available (e.g. Post & Welch, 1996) . Unlike the other four hypotheses, the motor control hypothesis proposes that a single internal spatial representation is generated from the visual input. There is no need to postulate a second, context-independent representation. The division of labor between vision-for-perception and visionfor-action is based instead in the different processing of visual information during the actual unfolding of the action, which necessarily uses context-insensitive, local computations driven by feedback-based error signals. In this view, therefore, the contrast is not between two independent visual system employing separate representations, but between visual representations leading to conscious perception or consciously controlled action, and no representations in online motor control based on unconscious feedback loops (for a similar interpretation of the neuropsychological evidence, see Rossetti, Pisella, & Vighetto, 2003) . In their review of grasping responses to the Müller-Lyer illusion, Bruno and Franz (2009) reported that open-loop grasping was always strongly affected by the illusion, irrespective of specific procedures for removing visual information or delay length, whereas closed-loop grasping was less affected. They interpreted this finding as evidence for the motor control hypothesis: if visual information is available during the movement (closed-loop response), the action is less affected by the illusory context simply because the system can perform online adjustments of the grip scaling during the movement (Woodworth, 1899) . Given the ballistic nature of saccades, such fine adjustments during the movement can be ruled out. However, sensory feedback may still affect the results if error signals are available at the end of the primary saccade, and drive a process of saccadic adaptation. The present pattern of results seems most consistent with this possibility. As detailed in Section 3 of the present paper, saccades performed under conditions that allowed adaptation were consistently less affected by illusory contexts than saccades in which no adaptation could take place.
Conclusions
That vision-for-perception and vision-for-action might depend on dissociable internal representations remains one of the most fascinating implications of current functional interpretations of the primate visual system. However, the nature of this dissociation remains controversial, especially with regard to the interpretation of differences between motor and perceptual responses to visual illusions in healthy participants. In fact, the literature on motor responses to illusions has often been regarded as wildly contradictory. Meta-analytical approaches to this literature are now beginning to show that, contrary to common belief, available data on actions in illusions are fairly consistent and can be described well by a limited set of variables. Our purpose here was to make a third contribution in this direction after those of Bruno et al. (2008) and of Bruno and Franz (2009) . By examining saccadic responses to the Müller-Lyer illusions, we have shown that the meta-analytic approach previously applied to pointing and grasping provides useful insights on factors modulating saccadic responses to illusions as well.
Specifically, we have shown that saccades are always strongly affected by the Müller-Lyer illusion. Contradictions between different assessments of illusory effects on saccades, which in some cases were interpreted as evidence that saccades resist the illusion more than perception in some conditions, can be explained by factors that are known to affect saccadic behavior such as saccadic adaptation. We therefore conclude that the literature on saccades and illusions does not provide evidence for separate representations underlying motor and perceptual processing of spatial patterns, as predicted by the two-visual-systems hypothesis of Milner and Goodale (1995) . Studies on grasping on different visual displays, such as the Ponzo illusion (Ganel, Tanzer, & Goodale, 2008) have reported dissociations between perception and action in conditions that are different from those of the saccade studies analyzed here, as well as from the pointing and grasping studies analyzed in our previous meta-analytical work (Bruno & Franz, 2009; Bruno et al., 2008) . Further work will be needed to understand the reason for these differences and to determine whether these findings can be reconciled with the present conclusions. Average percent corrected effects in the five studies that also reported a perceptual measure of the illusion. Factors labelled as in Appendix A; ''task" identifies the employed perceptual tasks: a verbally reported numerical estimate or a perceptual matching task. 
